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Biglycan and decorin are small, leucine-rich 
proteoglycans that bind to a variety of extracellular and 
membrane associated molecules, regulating their biological 
functions. Although self-association occurs in many 
proteoglycans, and is thought to be important for their 
biological roles, little is known about the thermodynamic 
properties of biglycan and decorin in terms of molecular 
weights, stoichiometry and association constants. We have used 
sedimentation analysis to examine the structures and self­
association of bovine articular cartilage biglycan, its core 
protein and GAG chains in a variety of buffers. The monomer 
molecular weights were 86,600 Da for intact biglycan, 44,100 
Da for the core protein and 23,300 Da for the GAG chains. 
Under non-denaturing conditions without Zn++, both biglycan and 
its core protein appear to form oligomers, while the GAG 
chains remain monomeric. Biglycan self-associates to a dimer 
with small amounts of higher oligomers. When 5 mM Zn++ was 
introduced, the biglycan seems to form a predominant heptamer.
The core protein appears to form extremely large and 
polydisperse oligomers, while the GAG chains remain 
predominantly monomeric.
Similar analyses have been performed on bovine skin 
decorin. The monomer molecular weight of skin decorin was 
determined as 64,700 Da. In non-denaturing solvents without 
Zn++, decorin apparently undergoes a monomer-dimer self- 
association with a binding constant almost identical with 
that of biglycan. In buffer containing 5 mM Zn++, decor in forms 
a heterogeneous self-associating system with the possible 
presence of much larger oligomer.
These observations suggest that in non-denaturing 
solvents with or without Zn++, the core proteins of biglycan 
and decorin appear to play a key role in their self­
association. The GAG chains are more likely to have indirect 
roles in modulating the self-association of core proteins.
INTRODUCTION
General features eg proteoglycans
Proteoglycans are proteins that carry one or more 
glycosaminoglycan (GAG) side chains. The GAG components 
consist of a sequence of characteristic disaccharide repeat 
units. One monosaccharide of the disaccharide repeat is a 
hexamine (D-glucosamine or D-galactosamine) and the other unit 
is typically a hexuronic acid (D-glucuronic acid or L-iduronic 
acid) or galactose (in keratan sulfate). Both monosaccharides 
are variably N- and O-sulfated which adds to the heterogeneity 
of these complex macromolecules. The most common GAGs include 
chondroitin sulfate (CS), dermatan sulfate (DS), heparan 
sulfate (HS), keratan sulfate (KS), hyaluronic acid (HA) and 
heparin.
The number of GAG chains (generally attached to serine 
residues) on a core protein may vary from one to >100. The 
presence of GAGs and oligosaccharides has hampered the 
sequence analysis of these proteins. Therefore, most 
structural information concerning the proteoglycan core 
proteins has come from sequence analysis of their 
corresponding cDNAs. In addition to the GAG chain substituted 
regions, many core proteins also have been shown to contain 
other functional domains, designed for anchoring the 
proteoglycan to the cell surface (e.g. transmembrane domain in 
syndecan) (Hardingham, 1992) or to particular cell receptors
and cell adhesion molecules (e.g. epidermal growth factor­
like, lectin-like and complement regulatory protein-like 
regions in aggrecan and versican) (Hardingham, 1992) or to 
macromolecules of the extracellular matrix (e.g. leucine-rich 
repeats in biglycan or decorin) (Kjellfe, 1991).
Proteoglycans may occur intracellularly (usually in 
secretory granules) , at the cell surface, or in the 
extracellular matrix (Kjell6, 1991). Their biological roles 
are highly diversified. Some are involved in maintaining 
structural integrity and mechanical support(e.g. collagen 
fiber), whereas others function in more complicated cellular 
process such as cell adhesion, proliferation and 
differentiation (Kjelld, 1991). Host of these effects depend 
on the direct association of proteoglycans to other biological 
molecules. Certain functions, such as the anticoagulant and 
anti-proliferative activities of heparin/HS, are expressed by 
the free GAG chains (Margaret, 1990), although most biological 
activities of proteoglycans depend on the presence of the both 
core proteins and GAG chains.
Extracellular matrix proteoglycans
Extracellular matrix proteoglycans contain a variety of 
biologically active macromolecules. These include: a) the
large aggregating, chondroitin-sulphate-containing 
proteoglycans (such as cartilage aggrecan and fibroblast 
versican) that are capable of specifically interacting with
2
hyaluronate GAG chains; b) a number of small, leucine-rich 
proteoglycans, such as biglycan, decorin and fibromodulin; c) 
extracellular or basement membrane heparan-sulfate-containing 
proteoglycans that are related to the high-molecular-weight, 
heparan sulphate proteoglycans.
The extracellular matrix proteoglycans come in various 
sizes and locations. They occur in many connective tissues 
with various biological functions. Aggrecan and versican, the 
two largest and best documented species of proteoglycans, are 
accumulated in bone, cartilage and skin, while the small 
leucine-rich proteoglycans are found in most connective 
tissues, except that biglycan seems to have a somewhat more 
restricted distribution and is apparently more abundant in 
tissues under compression (Heineg&rd, 1989).
Extracellular proteoglycans in bovine cartilage have been 
investigated extensively (see Figure 1) . Like most connective 
tissues, the major constituent of bovine cartilage is fibril- 
forming collagen II. Another prominent component, but present 
only in a few tissues, is a large aggregating proteoglycan. 
Many properties of the cartilage depend on the combined 
functions of these molecules. Collagen fibers are strong in 
tension and reinforce the mechanically weak proteoglycan gel. 
The proteoglycan gel has a high fixed-charge density, which 
leads to a large osmotic swelling pressure. This swelling is 
counteracted by the collagen fibers and enables the tissue
3
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Figure 1. Schematic illustration of major constituents in 
cartilage matrix. The 58 KDa protein, 36 KDa protein and 148 
KDa protein are a group of cartilage matrix proteins, 
containing high amounts of aspartic acid/asparagine and 
leucine. Molecules not shown in the picture are the 100 kDa 
subunit protein Ch2l, a 21 kDa protein from chick 
chondrocytes, and the carboxyl-terminal propeptide of collagen 
II. The proteoglycans have negatively charged side chains, 
indicated for decorin, biglycan and fibromodulin. (Adapted 
from Heineg&rd, 1989.)
to support compressive loads (Maroudas, 1979). The highly 
negatively charged proteoglycans also may reduce the direct 
contact between joint surfaces by repulsive interaction. This 
may be partly responsible for low friction in a joint.
In addition to major constituents, bovine cartilage also 
contains a number of less abundant proteoglycans, such as 
biglycan, decorin and fibromodulin (Fig. 1) . Almost all of 
these are involved in some kind of interaction with other 
matrix components. Some of these molecules may be involved in 
forming strong and resilient materials. The others may serve 
important roles in regulating the assembly of the matrix and 
its components (Heineglird, 1989).
Similar components also are found in bovine skin. Most 
components demonstrate very similar biological behaviors to 
those in cartilage. Biochemical analyses of small leucine- 
rich proteoglycans show that both tissues contain considerable 
amounts of biglycan and decorin, and that both molecules from 
either tissue are very similar. Therefore, it is possible to 
isolate sufficient amounts of materials from either source for 
further physical chemical characterization.
Structure of biqlvcan and decorin
Biglycan and decorin are small, leucine-rich interstitial 
proteoglycans, closely related in structure to another small 
proteoglycan called fibromodulin. The primary sequence of the 
core proteins of biglycan and decorin from human and cattle
5
have been determined (Fisher et al., 1987; Neame et al.,1989) . 
Biglycan from bovine cartilage, bovine skin and human bone 
have similar NH2-terminal sequences. Decorin from bovine 
tendon, cartilage, skin, and bone also have identical NH2- 
terminal sequences (Neame et al., 1989). However, the first 20 
amino acids at the NH2-terminus of biglycan and decorin are 
very different, in spite of similarity in other regions of 
these molecules.
Biglycan contains two dermatan/chondroitin sulphate GAG 
chains attached to Ser5 and Ser11, whereas decorin contains a 
single dermatan/chondroitin sulphate GAG chain attached to 
Ser4 (Neame, et al., 1989; Chopra, et al., 1985). Both 
biglycan and decorin contain a large domain consisting of 10 
leucine-rich repeats, each 14 or 15 residues in length, 
characterized by the consensus sequences of LXXLXLXXNXLSXL for 
biglycan (Neame, et al., 1989) and LXXLXLXXNXLXSXL for decorin 
(Patthy, 1987). Similar sequences in fibromodulin contain 10 
repeats of 23 amino acids (Hardingham, et al., 1992). The 
strict conservation of the leucine and cysteine residues in 
these three proteoglycans indicates that they may have common 
ancestral origins. Proteins with similar leucine-rich repeats 
have been found in a variety of mammalian proteins, as well as 
yeast and Drosophila proteins, where they are believed to be 

















Figure 2. Schematic diagram of primary regions of bovine 
biglycan and decorin. Each hatched box contains a leucine rich 
repeat. L is leucine, isoleucine, valine, or occasionally 
alanine, s is serine or threonine, H is histidine, N is 
asparagine and X is any amino acid.
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Biological function of biqlvcan and decorin
Biglycan and decorin are multi-functional macromolecules 
that bind to a variety of extracellular or membrane- 
associated molecules. In vitro experiments demonstrate that 
biglycan can bind to heparin cofactor II, fibronectin and 
growth factors (Kjelle, 1991; Tollefsen, 1986), whereas 
decorin binds not only to fibronectin and growth factors but 
also to extracellular matrix collagen II. The latter 
interaction has been shown to influence collagen 
fibrillogenesis. Binding to collagen also is exhibited by 
fibromodulin, but not by biglycan, in spite of its similarity 
to decorin.
Both core protein and GAG chains appear to be involved in 
the association of biglycan to heparin cofactor II, 
fibronectin and growth factors. However, the decorin core 
protein alone appears to be responsible for the interaction 
with fibronectin, growth factors and collagen II (Kjelle, 
1991).
Biglycan and decorin have similar core proteins; however, 
their expression and localization in extracellular matrix are 
considerably different. Immunohistochemical hybridization 
analyses show that decorin is most abundant in extracellular 
matrices, a location compatible with its role in collagen 
fibrillogenesis. Biglycan, on the other hand, is localized 
to the cell surface or pericellular matrix of mesenchymal, 
endothelial, and epithelial cells (Fisher, 1991). Based in
8
part on its discrete cellular location, biglycan has been 
proposed to have a unique biological function in development, 
tissue repair, and inflammation processes.
Self-association of biqlvcan and decorin
Biglycan and decorin self-associate in 0.375 M Tris 
buffer during SDS-PAGE (Rosenberg, et al., 1985). However, the 
strength and stoichiometry of their self-association differ 
significantly. The differences in their self-association 
during SDS-PAGE have been used to separate these molecules. 
Similar self-association also has been observed in bovine 
sclera dermatan sulfate containing proteoglycans (Coster, 
1981). In 0,15 M NaCl, pH 7.4, both dermatan sulfate 
containing proteoglycans of bovine sclera appear to form 
higher oligomers. There is some evidence suggesting that the 
self-association of dermatan sulfate proteoglycans in sclera 
is mediated partly by its dermatan sulfate side chains 
(Coster, 1981; Fransson, 1976). However, these dermatan 
sulfate GAG chains display extreme heterogeneity and different 
association behaviors in low ionic strength buffer (Fransson et 
al., 1979), even from a single tissue. Thus, it is very 
difficult to apply the results of functional studies of 
dermatan sulfate side chains from bovine sclera to dermatan 
sulfate proteoglycans from other sources.
9
Objectives
In view of the increasing biological importance of 
biglycan and decorin, a clear understanding of the 
interactions of these molecules is important. In addition, 
studies of the interactions of biglycan and decorin with other 
macromolecules, particularly in their binding affinities, 
require that the molecular weight and the self-association of 
the biglycan and decorin used in the binding studies be well 
characteri zed.
The principal goal of this research is to determine the 
molecular weight of biglycan and decorin, as well as their 
self-association in non-denaturing buffers. The monomer 
molecular weight of biglycan was measured in 4 M GdnHCl 
denaturing buffer, while decorin was measured in 6 M GdnHCl 
denaturing buffer. The self-association of biglycan has been 
analyzed further by studying the self-association of the 
biglycan core protein and biglycan GAG chains. The data from 
these experiments were then used to predict the thermodynamic 




Bovine articular cartilage biglycan and skin decorin were 
provided by Dr. Lary Rosenberg and were isolated from bovine 
articular cartilage and skin essentially as described 
previously (Rosenberg, et al., 1985; Choi, et al., 1989; 
Appendix A). The purity of biglycan and decorin was monitored 
by SDS-PAGE in high and low salt gel or by NH2-terminal amino 
acid analysis (Choi, et al., 1989).
The biglycan core protein and GAG chains also were 
provided by Dr. Lary Rosenberg. Core protein was prepared by 
exhaustive digestion of the GAG chains with chondroitinase AC 
or chondroitinase ABC. GAG chains were obtained by degrading 
core protein with 0.5 M NaOH, 1 M NaBH4 (Rosenberg, 1985).
All purified proteoglycan molecules, as well as their 
core proteins and GAG chains were prepared in denaturing 
buffers and renatured directly to non-denaturing buffers with 
or without Zn++ before each sedimentation analysis. Both 
proteoglycans appear to be functional after refolding in non­
denaturing buffers. The disulfide bonds of core proteins which 
are essential for the appropriate folding and function of 
intact molecules appear to be very stable in denaturing 
buffers. In condition without Zn++, all buffers were treated 
with Chelex-100 to remove all the contaminating divalent 
cations.
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GdnHCl and EGTA were purchased from Aldrich Chemical 
Company. Tris and EDTA were obtained from Baker. Chelex-100 
was purchased from Bio-Rad Laboratories. All other buffer 
components were of reagent grade.
Determination of Monomer Molecular Weights
The monomer molecular weights of all biglycan-related 
macromolecules were measured in 4 M GdnHCl, 50 mM Tris, 5 mM 
EDTA denaturing buffer at pH 7.5 using short column 
sedimentation equilibrium (Yphantis, 1960). The monomer 
molecular weight of decorin was determined in 6 M GdnHCl, 50 
mM Tris, 5 mM EDTA, pH 7.5. Experiments were conducted using 
a charcoal-filled epon or Kel-F centerpiece in a Beckman Model 
E analytical ultracentrifuge equipped with Rayleigh 
interference optics, an electronic speed control, a pulse 
laser diode light source at 670 nm (or a He-Ne laser light at 
63 0 nm) , RTIC temperature controller and an on-line data 
acquisition system (Williams, 1978; Laue, 1981). Either an AN- 
D (2 holes) , AN-F (4 holes) or AN-G (6 holes) rotor was used 
in the experiments. The data were analyzed using nonlinear 
least squares (NONLIN) (Johnson, 1981), yielding a z-average 
molecular weight (Mz) for each sample (Arakawa et al., 1987).
The cell loading concentration for each sample was 
estimated by simultaneously examining the same concentration 
data sets at different rotor speeds. The concentration at 
which the curves crossed was determined graphically after
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adjustment for the baseline offset using NONLIN (Johnson# 
1981). This "hinge point" concentration is near the center of 
the cell and corresponds to the approximate cell loading 
concentration (Yphantis, 1960). Conversion from fringes to 
concentration in mg/ml used a calculated refractive increment 
of 3.52 fringes/ml/mg for He-Ne light and 3.333 fringes/mg/ml 
(Perlman & Longsworth, 1948) for the 670 nm diode light.
Purified biglycan, biglycan core protein, GAG chains and 
skin decorin were examined at rotor speeds of 12,000, 16,000,
20,000, 24,000, 28,000 and 32,000 rpm and at cell loading
concentrations of: A) 0.24, 0.34, 0.48, 0.81, 0.98, 1.03,
1.76, 2.05 and 3.20 mg/ml for biglycan; B) 0.55, 0.66, 0.95, 
1.3 3 and 1.59 mg/ml for biglycan core protein; C) 0.33, 0.63, 
l.l, 1.3 and 1.6 mg/ml for biglycan GAG chains; D) 0.30, 0.84, 
0.87, 1.38, 1.47, 1.80, 1.86 and 1.92 mg/ml for skin decorin.
Sedimentation Velocity Studies
Sedimentation velocity studies initially were carried 
out in Dr. Rosenberg's lab using a Beckman model E analytical 
ultracentrifuge, an AN-E rotor and 30 mm double sector 
centerpieces, at 40,000 rpm and 20°C. Schlieren patterns were 
recorded on Kodak Technical Pan Plates (Cat. No. 154 4063) and 
read on a Nikon microcomparator. Later experiments were 
conducted at 50,000 rpm, 20°C in a Beckman XLA analytical 
ultracentrifuge using Rayleigh interference optical system, a 
4-hole titanium rotor and 12 mm double sector centerpieces.
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Sedimentation coefficients (s0^ ) of biglycan and decor in were 
determined in: A) 4 M GdnHCl, 5 mM EDTA, 50 mM Tris, pH 7.0,
(biglycan); B) 4 M GdnHCl, 5 mM EDTA, 50 mM Tris, pH 7.5
(biglycan); C) 6 M GdnHCl, 5 mM EDTA, 50 mM Tris, pH 7.5
(decorin) ; D) Chelex 100-treated 0.15 M NaCl, 5 mM EDTA, 50 mM
Tris, pH 7.5 (biglycan and decorin); E) Chelex 100-treated 
0.15 M NaCl, 50 mM Tris, pH 7.5 to which 5 mM ZnCl2 was added 
(biglycan and decorin).
Corrections were made to determine the s at 20 °C in pure 
water using (Van Holde, 1985):
20,^20,b
(1-vp) 20lbr\2(i, „
where the subscripts refer to the experimental temperature 
(20 °C) and buffer condition (either water or buffer)
respectively. The v in the numerator refers to the partial 
specific volume of protein in pure water at 20 °C, whereas the 
v in the denominator is the value in buffer at 2 0 °C. The 
density (p2o,*) of water at 20 °C is 0.99823 g/ml and the 
viscosity (tj20iW) of water is 0.01009 stokes.
For data in low concentrations (less than 1 mg/ml) , 
extrapolations of to s0MiW were made using
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Eq. 2: 20, w"
*^20, w
i-kbc
where C is the protein concentration in mg/ml and Ks is an 
empirical coefficient equal to 0.009 ml/mg for spherical 
proteins (Teller, 1973). Much larger values of Ks are expected 
for asymmetric proteins (Laue, 1992). For biglycan oligomer 
data in higher concentration (larger than 1 mg/ml), 
extrapolations were made from a non-linear least square curve 
fit. The data for s against c were best fit by the equation:
Eg. 3 S2<3,W~S°2Q,we~KC
with correlation coefficients (indices of determination) of 
approximately 0.98.
To estimate the geometric asymmetry, the experimental 
frictional coefficients (f) of the molecules were compared to 
the minimum frictional coefficient (f0) of a spherical 
particle. The value of f was calculated from the following 
equation (Van Holde, 1985):
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Eg. 4 : f _ M {  l “Vp20,J
■^0S 20,»r
where N is the Avogadro's constant and M is the molecular 
weight of protein determined from sedimentation equilibrium. 
The p20w is the density of water at 20 °C. The f„ was estimated 
from the Stokes-Einstein relationship (Van Holde, 1985):
Eg. 5: f0=67iTii?0
The viscosity of the water (i/) equals 0.01009 stokes. R„ is 
the stokes radius and was calculated from the volume and the 
hydration of the particle:
Eg. 6 : *o=3*
3Af{v+S) 
471 JVn
The degree of hydration (5) is expected to be between 0.2-0.6 
g-H20/g-protein (Pessen & Kumosinski, 1985).
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Determination of self-association in non-denaturing solvents
The self-association of biglycan and decorin in 0.15 M 
NaCl, 5 mM EDTA, 5 mM EGTA, 50 mM Tris, pH 7.5 was studied 
using sedimentation equilibrium and sedimentation velocity. 
The sedimentation equilibrium experiments were carried out in 
either an AN-D, AN-G or AN-F rotor with different cell loading 
concentrations: A) 1.72, 1.23, 0.86, 0.82, 0.71, 0.55, 0.36 
and 0.2 mg/ml for biglycan; B) 2.3, 1.59, 1.2, 1.1, 0.9 and 
0.50 mg/ml for biglycan core protein; C) 1.59, 1.20, 1.03,
0.81 and 0.48 mg/ml for biglycan GAG chains; and D) 2.0, 1.5,
1.0 and 0.5 mg/ml for decorin. Each sample also was examined 
at different rotor speeds: A) 10,000, 14,000, 16,000 and
20.000 rpm for biglycan; B) 10,000, 12,000, 16,000, 20,000 and
24.000 rpm for biglycan core protein; C) 20,000, 24,000,
28.000 and 32,000 rpm for biglycan GAG chains; D) 16,000,
20,000, 24,000 and 28,000 rpm for decorin.
In buffer containing 5 mM Zn++, 0.15 M NaCl, 50 mM Tris, 
pH 7.5, the cell loading concentrations were 3.0, 2.0, 1.85, 
1.48, 1.0, 0.92, 0.46, 0.31 and 0.20 mg/ml for biglycan; 1.5, 
1.09, 0.67, 0.57, 0.44 and 0.28 mg/ml for biglycan core
protein, 2.4, 1.5, 1.0 and 0.7 mg/ml for biglycan GAG chains 
and 2.1, 1.5, 1.0 and 0.5 mg/ml for decorin.
Sedimentation coefficient distribution
The apparent differential sedimentation coefficient 
distribution from the time derivative of the concentration
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profile (i.e., uncorrected for the effects of diffusion) 
9*(s), was calculated from (Stafford, 1992)
Eg. 7 : flr*(s)=(j£>r(4-> (
2 f-2Wzt
In (ra/r) •m
where s is the sedimentation coefficient,to is the angular 
velocity of the rotor, c0 is the initial concentration, r is 
the radius of the boundary, rm is the radius of the meniscus, 
and t is time. The derivative (dc/3t)T is computed directly 
from sequential scans by setting a sufficiently small time 
interval between scans (less than 2 minutes), so that AC/At ~  
dc/dt.
In cases for which diffusion can be ignored with respect 
to sedimentation, g*(s) is equal to the true distribution, 
g(s). In principal, the true differential distribution 
function, g(s) can be obtained by extrapolation the g*(s) 
patterns to infinite time. However such extrapolation may 
contain significant errors because of the lack of a good 
algorithm.
Sedimentation velocity data from Rayleigh optical system, 
were acquired and converted to concentration vs. radius 
position using XLA 2000.01 program written by Dr. Laue. These 
data were then transferred to another program (kindly provided
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by Dr. Stafford) to produce the sedimentation coefficient 
distribution.
Buffer Density and Partial Specific Volume
The buffer density and partial specific volume of 
macromolecules in various conditions were either measured 
directly in Dr. Rosenberg's lab with a digitized densitometer 
or calculated from their composition. The values of density 
are 1.094 g/ml for 4 M GdnHCl buffer, 1.15 g/ml for 6 M 
GdnHCl buffer and 1.009 g/ml for 0.15 M NaCl-Tris buffer 
without Zn++. The density of 0.15 M NaCl-Tris buffer with 5 mM 
ZnCl2 was assuming to be same as 0.15 M NaCl-Tris buffer 
without ZnCl2.
The v of unfolded biglycan (0.637 ml/g) and its GAG 
chains (0.54 ml/g) were measured directly at pH 7.5 in 4 M 
GdnHCl, 50 mM Tris, 5 mM EDTA, 5 mM EGTA. The v of decorin in 
6 M GdnHCl, 50 mM Tris, 5 mM EDTA, pH 7.5 (v=0.6646 ml/g) or 
in 0.15 M NaCl, 50 mM Tris, 5 mM EDTA, pH 7.5 (v=0.6676 ml/g) 
also were determined. The v for biglycan (0.687 ml/g), its 
core protein (0.727 ml/g) and decorin (0.691 ml/g) in 0.15 M 
NaCl, 50 mM Tris, 5 mM EDTA, 5 mM EGTA at pH 7.5 with or 
without 5 mM Zn++ were calculated from their amino acid and 
carbohydrate compositions (Hmiland, 1986; Edsall, 1943; Laue, 
1992). The v of biglycan GAG chains in 0.15 M NaCl, 50 mM 
Tris, 5 mM EDTA, 5 mM EGTA, at pH 7.5 with or without Zn++ was 
assumed to be the same as the experimental values from
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denaturing conditions. The v for biglycan core protein (0.678 
g/ml) in 4 M GdnHCl buffer was estimated using the method of 
Lee and Timasheff (1979):
Eq. 8:
Where 0 ’ is the apparent partial specific volume of protein in 
chemical equilibrium with the solvent, v is the partial 
specific volume from its amino acid and carbohydrate 
composition, p is the density of buffer, v, is the partial 
specific volume of the denaturant, S3 is the number of grams 
of denaturant bound per gram of protein, g3 is the number of 
grams of denaturant per grams of water and 5, is the total 
hydration of protein (g H20/g protein). For 4 M GdnHCl at 20 
°C, the values are p=1.094 g/ml, %= 0.754 ml/g, and g3= 0.537 
grams GdnHCl per gram of water (calculated from v3 and 
concentration). The value of $3 (0.523 g GdnHCl/g protein) was 
calculated, as described previously by Lee and Timasheff 
(1979), by assuming one molecule of denaturant is bound per 
pair of peptide bonds, one to each carbohydrate moiety and one 
to each aromatic side chain, including histidine. The value of 
Si (0.410 g H20/g protein) was calculated by assuming the 5, is
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not affected by the presence of the carbohydrate (Laue et al., 
1992) . The v of biglycan core protein (0.678 ml/g) in 4 M 
GdnHCl buffer at 20 °C was adjusted to 23.3 °C using the 
standard method (Laue et al., 1992):
Eg. 9 :  V r =V20 +4 . 2 5 * 1 0 ~ 4 ( r - 2 9 3  . 1 5 )
where vT is the partial specific volume at temperature T and 
v20 is the value calculated using Eq. 8.
NONLIN analysis
Data editing was performed using REEDIT. Data points were 
truncated to avoid either Weiner skewing at high fringe 
gradient (larger than 15 mm/cm2) (Yphantis, 1964) or noisy 
data at low fringe gradients. Edited data were analyzed using 
a non-linear least squares (NONLIN) parameter estimation 
program (Johnson, et al. , 1981). This program provides the
fitted parameters and the 65% confidence intervals. Up to 15 
data sets, at different loading concentrations, radial 
positions and rotor speeds can be fit simultaneously to a 
selected model. The simplest model which provides an 
acceptable variance and a random distribution of residuals is
21
to be correct (Johnson, et al., 1981). The variance only gives 
an estimate of the precision of the parameters and does not 
ensure the accuracy of the model (Johnson et al., 1981) . Thus, 
the error bars shown in the results section are only a measure 
of the precision of the fitting parameters.
Models found useful include that for non-ideal monomer- 
oligomer equilibrium (Johnson et al., 1981; Laue et al., 1984; 
Luckow et al., 1989):
Eg. 1 0  : Y{r) = 5  + ©-rjlA+0E'2S[i,(r)-fi] + gJvtLnA+a5-2B[r(r)-6]}+jLnff
as well as that for an ideal self-association (Luckow et al., 
1989):
Eg. 11: Y{x) +
where Y(r) is the fringe displacement (fringes) at a given 
radius r, S is the baseline offset, A is the monomer activity 
at the arbitrary reference radius r0, a is the reduced
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molecular weight, £ = (r2-r02)/2, B is the second virial
coefficient, N is the stoichiometry of the self-association 
and K is the association constant. The reduced molecular 
weight is defined as a=M(l-vp)u>2/RT, where M is the molecular 
weight, v is the partial specific volume, p is the buffer 
density, <a is the angular velocity of the rotor, R is the 
universal gas constant, and T is the solution temperature 
(Yphantis & Waugh, 1956) . Both equations were used to 
determine the stoichiometry of biglycan and decorin self­
association in various conditions.
Two species analysis
The stoichiometry of biglycan and decorin self­
association was further examined by two species analysis. This 
method originally was introduced to examine the thermodynamic 
properties of an ideal two-species system, but also has been 
found to be useful in the analysis of non-ideal two component 
association system (Roark & Yphantis, 1969).
For a two-species self-association system, a graph of the 
z-average molecular weight (Mz) at each radius position 
against the reciprocal of the weight average molecular weight 
(Mw) is a straight line:
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Eq. 12: M„(r) =-Mi«a jjj-1 +"i+^
where Mz(r) is the z average molecular weight at a radius r, 
Mj and Mj are the molecular weight of two components, the Mw(r) 
is the weight average molecular weight at a radius r. The 
theoretical line for a proposed model was determined using 
monomer molecular weight (M^ ) from linear extrapolation. For 
our systems, corresponds to the monomer molecular weight 
(Mm) . The molecular weight of oligomer (M2) was calculated as 
M2=N*Mm, where N was the stoichiometry of an assumed model.
To estimate the Mz and Mw at each radius position, data 
from neighboring points were collected and arranged for 
further calculation. For every two neighboring points (every 
0.0075 cm):
Eq. 13 at yfrj =5 +einA*0Ei-2flIy(ri>-a] + e*LnA*oi1-2B[Ylrl)-l]\+LnK
Eq. 13 b: Y(z2) =8+einA+<,{2'2Str(ri)-ftl +e*LnA*<> Sa-2B(r(r2)-«j>+uuc
These two equations can be combined to eliminate LnK and to
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give the following relation:
Eg.14:
RT_ intytrj - 5 _4)] -LntY{r2) -8-einA+<,53■2fl<r(r3)■B,]
og1-o52-2Blr{r1) +2 BY{r2)
The values of Y(r) (fringe displacement) and r (radius 
position) were determined from the Rayleigh interference 
optical system. £=(r2(n) -r02)/2, where r(n) is the radius 
position, r0 is the arbitrary reference radius. The values of 
S, A and B were estimated by simultaneously fitting the data 
at the low concentration gradient. These parameters were then 
used to calculate the stoichiometry (N) of the rest of 
concentration gradient (usually at high fringe gradient) by 
solving Eq. 14. The radius-dependent concentration of monomer 
(Cj) and oligomer (C2) were determined as Cl=Ae°t(1‘2BC>, and C2=C- 
Clf where C is the total concentration at radius position and 
calculated as C=Y(r)-£. The Mw and Mz for each radial position 
were then determined by following relation:
Eq, 15 : „ _ {Cxt f i + C 2l g )  
v ( C & + C & )
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E q . 16 : M  , {CxM ^ C 2Ml)
( C ^  + CzM?)
where Ct and C2 are the radial concentrations of each 
component, and M, and M2 are their molecular weights, 
determined using the stoichiometry (N) calculated from Eq. 14. 
By comparing the calculated data with the theoretical line, 
the two species analysis was used as a diagnostic method to 
examine the consistency of a particular model throughout the 
whole cell, the heterogeneity of the system, and to 
distinguish between two closely related models.
Conversion of units
All parameters determined by NONLIN analysis use units of 
fringe displacements. Conversion from the fringe displacement 
scale to other concentration scales was made by using a 
refractive increment of 0.185 ml/g at 632 nm and 0.184 ml/g at 
670 nm (Perlman & Longsworth, 1948; Luckow, 1989). The reduced 
molecular weights (Yphantis, 1964) returned by NONLIN were 
converted to the corresponding molecular weights using:
26
Eq, 17 : Mz = a * RT
(1-Vp) G>2
where Mj is the z-average molecular weight, a is the reduced 
molecular weight, p is the density of the solution, R is the 
gas constant, T is the temperature of experiment, and oj is the 
angular velocity. The association constants were converted 
from reciprocal fringe displacement units to reciprocal 
molarity units by using monomer molecular weight 86,600 Da for 
biglycan, 44,100 Da for biglycan core protein and 64,700 Da 
for decorin. For monomer-oligomer self-associating systems:
where K, is the association constant on the molar 
concentration scale, K„ is the association constant on the 
fringe displacement scale, M,,, is the monomer molecular weight, 
n is the stoichiometry of self-association and Y,/Ct is the 
specific fringe displacement (3.52 fringe/mg/ml at 632 nm and 
3.333 fringe/mg/ml at 670 nm).




Eg. 19 : A G=-RTLn(Ka)
where R is the universal gas constant in units of kcal/mol/°K 
and T is the temperature in Kelvin.
The number average second virial coefficient (B) was 
determined from the best-fit values returned by NONLIN as B*M 
(fringe '*) (Johnson, 1981) . This unit was converted from 





The best fit molecular weight (H) was measured by linear 
extrapolation. The B„ is the second virial coefficient from 
NONLIN. The z-average second virial coefficient was determined 
from the slope of the plot of 1/Mz to cell loading 
concentration.
Charge Estimation
Biglycan and decorin contain significant amounts of 
negatively charged GAG chains. The apparent charges (Z) on
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negatively charged GAG chains. The apparent charges (Z) on 
biglycan and decorin, as well as their core proteins and GAG 
chains in denaturing and non-denaturing buffers were 




The salt concentrations (m3) of our experiments are 4 moles 
GdnHCl/kg solvent for denaturing buffer and 0.15 moles NaCl/kg 
solvent for non-denaturing buffers. The v, (ml/g) is the 
solvent specific volume that equals the reciprocal of partial 
specific volume of solute. It should be noted that the 
contribution from excluded volume and salt-protein interaction 
to B (moles-ml/g2) was not considered in this formula due to 
the complexity of their geometrical conformation and 
intermolecular interactions. Such an approximation appears to 
work well for macromolecules in non-denaturing solvents.
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RESULTS
I. Bovine Articular Biglycan Characterization
Sedimentation velocity analysis of articular biglycan in 
denaturing solvent
Sedimentation velocity studies of two biglycan 
preparations were carried out in 4 M GdnHCl, 5 mM EDTA, 50 mM 
Tris, pH 7.0. Schlieren patterns showed a single, unimodal 
component. The concentration dependence of the sedimentation 
coefficients in 4 M GdnHCl is exhibited in figure 3. The 
average value of s0^  for both conditions is approximately 2.6 
s (Table I) . The ratio of the experimental and theoretical 
frictional coefficients, f/f0, is about 3.1.
Molecular weight of bialvcan from sedimentation equilibrium in 
denaturing solvent
The monomer molecular weight (M.W.) of biglycan was 
determined to be 86,600 Da in 4 M GdnHCl solvent by linear 
extrapolation of l/Mz to zero concentration (Williams, 1958) . 
This is nearly identical with the result obtained from 
simultaneous nonlinear least square (NONLIN) analysis (Table 
II) . Figure 4A shows a systematic decrease in M.W. with 
increasing biglycan loading concentration, indicating 
thermodynamic non-ideality. The non-ideality of biglycan could 
be described with an average second virial coefficient (B). 
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Figure 3. Concentration dependence of sedimentation 
coefficients of articular biglycan in 4 M GdnHCl, 50 mM Tris, 
5 mM EDTA, pH 7.0. The open (a ) and close (a ) triangle 
represent data from two different preparations.
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Concentration dependence of M z of 
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Figure 4. Z-average molecular weight (Mz) of bovine articular 
cartilage biglycan monomer as a function of its loading 
concentrations. Experiments were performed at 23.3°C in buffer 
containing 4 M GdnHCl, 50 mM Tris, 5 mM EDTA, 5 mM EGTA, pH
7.5. The rotor speeds were controlled at 16,000, 20,000,
24,000 and 28,000 rpm. Figure 4A: The (a) are values of Mz vs. 
loading concentrations. Figure 4B: The (a ) are values of l/Mz 




Biglycan Sedimentation Coefficient and Frictional
Coefficient Katios
Buffer M.W.* S ° ^ e» b S 10,w f / W f/fo e
GdnHCl 86,600
2 . 0d 2.6 3.6 3.1
2. 0d 2.6 3.6 3.1
NaCl 173,300
4.4* 4.7 2.8 2.4
4. 6f 4.8 2.8 2.4
ZnCl2 606,400
8. 9e 9.3 3.7 3.1
9. 0h 9.5 3.6 3.0
* M.W. of biglycan based on their oligomeric state measured by 
sedimentation equilibrium. M.W. is 86,600 Da in 4 M GdnHCl 
buffer, 173,300 Da in non-denaturing buffer without Zn++ and 
606,400 Da in non-denaturing buffer with Zn++. 
b Sedimentation coefficients corrected to pure water at 20 °C 
c Frictional coefficient ratios calculated assuming v=0.637 
ml/g (in 4 M GdnHCl buffer), v=0.687 ml/g (in non-denaturing 
buffer), £, = 0 (for f/f^) and £,=0.4 g H20/g protein (for 
f/fo) •
d In 4 M GdnHCl, 5 mM EDTA, 50 mM Tris, pH 7.0.
6 In Chelex 100-treated 0.15 M NaCl, 50 mM Tris, pH 7.0. 
f In Chelex 100-treated 0.15 M NaCl, 50 mM Tris, 5 mM EDTA, 5
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mM EGTA, pH 7.0.
‘ In Chelex 100-treated 0.15 M NaCl, 50 mM Tris, 5 mM ZnCl2, pH 
7.0.
b In Chelex 100-treated 0.15 M NaCl, 50 mM Tris, 5 mM ZnCl2, 3 
mM NaN3, pH 7.5.
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square (NONLIN) analysis or from the slope of the linear plot 
(Figure 4B). Both results are listed in Table II. The second 
virial coefficient from NONLIN is close to the colligative 
(number average) second virial coefficient, whereas the second 
virial coefficient from the graphical plot refers to the z- 
average second virial coefficient. These values are expected 
to differ by a factor of approximately 4 (Yphantis, personal 
communication).
Sedimentation velocity analysis of biglycan in non-denaturing 
solvents
Sedimentation velocity studies reveal that biglycan self­
associates to form oligomers in non-denaturing solvents, and 
that different oligomers with distinctive properties are 
formed in the presence and absence of divalent cations.
Fig. 5 shows the sedimentation velocity pattern of 
biglycan in non-denaturing solvent without Zn++. In Chelex 
100-treated buffers, either with or without 5 mM EDTA and 5 mM 
EGTA added, a single, unimodal peak was observed with s°MjW of 
approximately 4.8 S. Using a M.W. of 172,000 Da, f/f0 was 
estimated as 2.4 (Table I). With Chelex 100-treated buffers, 
no faster sedimenting shoulder (which would have suggested the 
presence of higher oligomers) was apparent. However, if 
divalent cations were not removed from buffers with Chelex 
100, small and variable amounts of higher oligomers 
(approximately 10 to 15% of the total) were observed, as
37
TABLEn
Comparison of Monomer M.W. of Biglycan Determined by 





















* Biglycan from bovine articular cartilage, analysis in 4 M 
GdnHCl, 50 mM Tris, 5 mM EDTA, 5 ®M EGTA buffer at pH 7.5. 
b Z-average M.W. of biglycan determined by linear
extrapolation of l/Mz to zero concentration. The deviation of 
each coefficient is returned from linear regression analysis. 
c Simultaneous NONLIN analysis of data from various loading
concentrations (0.24 - 2 mg/ml) and rotor speeds (12,000,
16,000, 20,000, 24,000, 28,000 rpm). The values in parenthesis 
represent the 65 % confidence interval returned by NONLIN. 
d Range of biglycan loading concentration analyzed
simultaneously.
e Z-average molecular weight of the biglycan monomer. 
f The z-average second virial coefficient was measured as the 
slope of linear plot, while the colligative second virial 
coefficient was determined by simultaneous NONLIN analysis
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(Johnson et al., 1981).
* The apparent charges on biglycan without considering effects 
of exclude volume and salt-protein interaction. 
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Figure 5. Concentration dependence of sedimentation 
coefficients of biglycan in non-denaturing solvents without 
Zn++. The open triangles (a) are values of S^ ,nhT[< vs. loading 
concentration in 0.15 M NaCl, 50 mM Tris, pH 7.0. The closed 
triangles (a ) are values of SJOiK)Ivbi1 vs. loading concentration in 
0.15 M NaCl, 50 mM Tris, 5 mM EDTA, 5 mM EGTA, 50 mM Tris, pH
7.0.
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indicated by the presence of a faster sedimenting shoulder.
Figure 6 shows the sedimentation velocity pattern of 
biglycan in Chelex 100-treated 0.15 M NaCl, 50 mM Tris, 5 mM 
ZnCl2, pH 7.0 or Chelex 100-treated 0.15 M NaCl, 50 mM Tris, 
3 mM NaN3, 5 mM ZnCl2 pH 7.5. In these solvents, a single, 
unimodal peak was observed with s"^ and f/f0 of approximately 
9.4 S and 3.1 (Table I).
Biglycan self-association in the ahaanee of Zn++
Sedimentation equilibrium results suggest that biglycan 
self-associates in non-denaturing solvents without Zn++. 
Figure 7 shows the Mz of biglycan as a function of loading 
concentrations in 0.15 M NaCl, 50 mM Tris, 5 mM EDTA, pH 7.5. 
At high loading concentrations (larger than 1.84 mg/ml), the 
average Mz of biglycan decreased significantly, indicating 
thermodynamic non-ideality. However, the non-ideality of 
biglycan oligomer is much less than that of biglycan monomer 
at similar loading concentrations. Convergence on the second 
virial coefficient (B) at low concentrations (0.1 mg/ml to l 
mg/ml) often resulted in a negative value without significant 
improvement of fit. This suggests that the non-ideality of 
biglycan oligomer in non-denaturing solvent at low 
concentrations is relatively small. Therefore, it is possible 
to resolve the stoichiometry and association constant of 
biglycan self-association at low concentrations without 
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Figure 6. Concentration dependence of sedimentation 
coefficients of biglycan in non-denaturing buffer with Zn++. 
The open triangles (a ) represent results in 5 mM ZnCl2, 0.15 
M NaCl, 50 mM Tris, pH 7.0. and the closed triangles (▲ ) are 
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Figure 7. The Mz of Biglycan in 0.15 M NaCl, 50 mM Tris, 5 mM 
EDTA, pH 7.5. Mz was determined by co-analysis of data from 
four rotor speeds (10,000, 14,000, 16,000 and 2 0,000 rpm) and 
various loading concentrations (0.2 - 1.8 mg/ml). The error 
bars indicate the 65% confidence interval.
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The stoichiometry of biglycan self-association was 
assessed using both NONLIN and two species analyses. Figure 8 
shows the results of two species analysis of biglycan at rotor 
speeds of 20,000 rpm and 14,000 rpm. The calculated data from 
different loading concentrations lie close to the theoretical 
monomer-dimer line, suggesting the presence of dimer and 
monomer as major species. However, the two species plot is not 
exactly linear, curving upwards slightly for the data around 
the bottom of cell as rotor speeds under 14,000 rpm. This 
indicates the possible presence of higher order oligomers. 
Similar results were obtained by comparing the goodness of 
fit to different models. Table III shows the comparison of fit 
of data acquired of different loading concentrations and three 
rotor speeds (14,000, 16,000 and 20,000 rpm). The best fit 
model under these conditions is a monomer-dimer equilibrium. 
Models considering of higher oligomers (trimer, tetramer) 
provided poorer fits to data. The model which includes 
monomer-dimer-trimer association also provides a good fit. 
However, the association constant of trimer formation is 
approximately 3 orders of magnitude less than the association 
constant of dimer formation. This suggests that under non­
denaturing solvent without Zn++, the biglycan exists 
predominantly as dimer and monomer.
The association constant (Table IV) suggests that 
biglycan self-association is moderately strong in non­
denaturing solvent (2.3 x 105 M-1). For biglycan at high
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Two species analysis of biglycan
in 0.15 M NaCl without Zn
S p eed : 20 ,000  rpm 
o  0 .80  mg/ml 
a  0 .57 mg/ml 
a  0 .37  mg/ml
m onom er-dim er
n -£r  a -A
F igure 8A.
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Figure 8. Two-species plot of biglycan in 0.15 M NaCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5. Data presented are from the 
sedimentation equilibrium experiments at rotor speed of 2 0,000 
rpm (Figure 8A) or 14,000 rpm (Figure 8B) . Theoretical 
monomer-dimer line is determined using the monomer molecular 
weight of 86,600 Da.
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TABLEm
Comparison of several Models of Biglycan in Non-denaturing
Solvent without Zn++
Model RMSb (fringes)
Monomer-Dimer 1 . 6 6  x  1 0 ‘2
Monomer-Tr imer 2 . 3 5  x  10'2
Monomer-Tetramer 3 . 6 0  X 10*2
Monomer-D imer-Tr imer 1 . 6 7  X 10'2
* Simultaneous NONLIN analysis of articular cartilage 
biglycan in 0.15 M NaCl, 50 mM Tris, 5 mM EDTA, pH 7.5 at 
rotor speeds of 14,000, 16,000 and 20,000 rpm with various
loading concentrations. The value of F statistics is equal to 
1.2.
b Root mean square (rms) of the variance of the fit.
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TABLE IV
Biglycan Dimer Formation in Non-denaturing Solvent in the
Absence of Zn++ *
Conc.b
(mg/ml)














1 Simultaneous NONLIN analysis of biglycan in 0.15 M NaCl, 50 
mM Tris, 5 mM EDTA, pH 7.5 at rotor speeds of 14,000 rpm,
16,000 rpm and 20,000 rpm. The second virial coefficient (B) 
was hold fixed at 0.
b The loading concentrations of biglycan analyzed 
simultaneously.
c Z-average molecular weight of biglycan monomer obtained from 
linear graphical extrapolation.
d Association constant of monomer-dimer equilibrium. 
e Free energy of formation of the dimer from 2 monomers. 
f Root mean square of the variance of the fit.
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loading concentrations (larger than 1 mg/ml), this value 
corresponds to more than 99% of the total species existing as 
the dimer. This is consistent with sedimentation velocity 
analysis at high concentrations ( 1 - 5  mg/ml) which suggests 
that the 4.6 S species represents predominantly the dimeric 
form.
Biqlvcan self-association with Zn++
Biglycan self-association is more significant in non­
denaturing solvent containing 5 mM ZnCl2. Figure 9 shows the 
Mz of biglycan as a function of loading concentrations in 
buffer containing 5 mM ZnCl2. At high concentrations (larger 
than 0.5 mg/ml), the data demonstrate significant non­
ideality. Convergence of the second virial coefficient (B)
always resulted in a better fit. However, at low
concentrations (less than 0.5 mg/ml), the non-ideality is 
difficult to detect and convergence of B provided no
improvement in the fit, and often resulted in a negative value
of B. This suggests that at these conditions, the 
thermodynamic non-ideality is overshadowed by self-association 
and the fit without considering B tends to decrease the value 
of apparent association constant.
The oligomeric state of biglycan in non-denaturing 
solvent with Zn++ was revealed using both NONLIN and two 
species analysis. Table V shows the comparison of fit of 
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Figure 9. Z-average molecular weight of biglycan as a function 
of loading concentrations from 0.20 mg/ml to 3 mg/ml in buffer 
containing 0.15 M NaCl, 50 mM Tris, 5 mM ZnCl2 at pH 7.5. The 
opening triangles are data which consider the thermodynamic 
non-ideality; the closed triangles are data without 
considering the thermodynamic non-ideality. The error bars 
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Figure 10. Two-species plot of biglycan in 0.15 M NaCl, 50 mM 
Tris, 5 mM ZnCl2, pH 7.5. Data presented are from the 
sedimentation equilibrium experiments at rotor speed of 17,000 
rpm. Theoretical monomer-heptamer line is shown. The monomer 
molecular weight used was 86,600 Da.
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TABLE V
Comparison of Several Models of Biglycan in Mon-denaturing
Solvent with Zn++ *
Model RMSb (fringes)
Single component' 1.03 x 10‘2
Monomer-heptamer 1.02 x 10'2
Monomer-octomer 1.24 x 10'2
Monomer-nonamer 1.78 X 10'2
* Simultaneous NONLIN analysis of data from 3 different
loading concentrations (0.46, 0.31, 0.20 mg/ml) and 3 rotor 
speeds (10,000, 14,000 and 17,000 rpm) at 23.3 °C. The second 
virial coefficient was set to zero. The sigma was fixed to the 
same as monomer and the stoichiometry (n) was set to the 
corresponding model. The value of F statistics is equal to 
1.24.
b Root mean square of the variance of the fit. 
c Model without considering self-association.
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a monomer gives a very nice fit. A model which neglects self- 
association gives an average Mz of 7 times the monomer M.W., 
with a very good fit to data, suggesting the presence of an 
extremely strong association and a heptamer as a single 
predominant species. The model which includes an octomer and 
a monomer provides relatively poor fit, but results in no 
statistically significant difference in the variance of the 
fit when compared with the better fitting model (monomer- 
heptamer). However, a difference was evident when the 
distribution of Mz over radius position was examined. When a 
monomer-octomer equilibrium is assumed (Figure 11) , the 
estimation of Mz from two different rotor speeds results in 
non-superimposing distribution curves. On the other hand, when 
a monomer-heptamer equilibrium is assumed, a relatively 
single distribution curve results (Figure 11). Considering a 
single predominant species, as indicated by previous NONLIN 
and sedimentation velocity analysis, the single predominant 
9.3 S peak observed in non-denaturing solvent with Zn++ likely 
corresponds to a heptamer.
The biglycan heptamer formation constant is determined 
using simultaneous NONLIN analysis and listed in Table VI. The 
value is extremely large and consistent with biglycan forming 
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Figure 11. Mz of biglycan as a function of radial position. 
The Mz of biglycan was calculated using two species analysis 
of data for two rotor speeds (14,000 rpm and 17,000 rpm) at 
loading concentration of 0.46 mg/ml. Models which include 
either monomer-heptamer (Figure 11A) or monomer-octomer 
(Figure 11B) were shown. Theoretical monomer-heptamer and 
monomer-octomer lines were determined using the monomer 
molecular weight of 86,600 Da.
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TABLE VI
Biglycan Self-association in Non-denaturing Solvent in the

















* Simultaneous NONLIN analysis of biglycan in 5 mM Zn++, 0.15 
M NaCl, 50 mM Tris, pH 7.5 at rotor speeds of 10,000, 14,000 
and 17,000 rpm.
b The loading concentrations of biglycan analyzed 
simultaneously.
c Z-average molecular weight of biglycan monomer. 
d Association constant of monomer-heptamer equilibrium. 
e Free energy of formation of the heptamer from 7 monomers. 
f Root mean square of the variance of the fit.
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M.W. of biglycan core protein from sedimentation equilibrium 
in denaturing solvent
In order to examine the effects of core protein and GAG 
chains during the biglycan self-association, both core protein 
and GAG chains of biglycan was prepared (Appendix A) . The M.W. 
of bovine articular cartilage biglycan core protein 4 M 
GdnHCl, 50 mM Tris, 5 mM EDTA, 5 mM EGTA, pH 7.5 was
determined using simultaneous NONLIN analysis and graphical 
linear extrapolation. The average M.W. presented in Table VII 
is close to that from SDS-PAGE (Choi et al., 1989). Figure 
12A shows the concentration dependence of Mz in 4 M GdnHCl 
denaturing buffer, indicating significant thermodynamic non­
ideality. The non-ideality of biglycan core protein is 
described with either a number average second virial 
coefficient (from NONLIN) or a z-average second virial 
coefficient (from graphical plot). Both results are listed in 
Table VII.
Biqlvcan core protein self-association
In non-denaturing solvent without Zn++, biglycan core 
protein exhibited a very strong self-association. Figure 13 
shows the average Mz of biglycan core protein as a function of 
loading concentrations. The slightly downward change of Mz at 
the highest loading concentration suggests the thermodynamic 
non-ideality. The biglycan core protein self-association
62
Concentration dependence of M z of 















0.0 1.50.5 1.0 2.0
Figure 12B.
[ Biglycan core protein ] mg/ml
63
Figure 12. Z-average molecular weight of biglycan core protein 
as a function of loading concentrations, (a ) are values of Mz 
vs. loading concentrations (Figure 12A) and (a) refer to the 
data of 1/Mz vs. loading concentrations (Figure 12B). Mz at 
each concentration was determined from the co-analysis of data 
from four rotor speeds (16,000, 20,000, 24,000 and 28,000 rpm) 
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* Biglycan core protein analyzed in 4 M GdnHCl, 50 mM Tris, 5
TOM EDTA, 5 mM EGTA, pH 7.5, at 23.3 °C.
b Mz of biglycan core protein was determined by extrapolating 
1/Mz to zero concentration. The deviation of Mz and B were 
returned from the linear regression analysis. 
e Simultaneous NONLIN analysis of data from various loading 
concentrations and rotor speeds. The values in parenthesis 
represent the 65 % confidence intervals returned by NONLIN. 
d Range of biglycan core protein loading concentration 
analyzed simultaneously.
c Average Mz of biglycan core protein monomer.
f The z-average second virial coefficient was determined by a
graphical analysis, while the number average second virial 
coefficient was estimated by simultaneous NONLIN analysis.
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* The apparent charges on biglycan core protein calculated 
from its non-colligative second virial coefficient without 
considering the contribution of excluded volume and salt- 
protein interactions. 
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Figure 13. Mz of biglycan core protein in 0.15 m NaCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5 as a function of loading 
concentrations. Experiments were conducted in rotor speeds of 
10,000, 12,000, 16,000, 20,000 and 24,000 rpm at 23.3 °C The 
error bars indicate the 65% confidence intervals.
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appears to be heterogeneous. The Hz from various rotor speeds 
consistently demonstrated a systematic speed dependence 
(Figure 14) . A similar conclusion was obtained by both NONLIN 
and two species analysis. Models which included simple 
association always provided a poor fit to the data. The 
calculated Mz and Mw from different rotor speeds consistently 
resulted in a nonlinear, but upwardly curved two species 
plots. These observations are consistent with the conclusion 
that biglycan core protein under non-denaturing solvent 
without Zn++ is likely to form heterogeneous self-associating 
species.
When 5 mM Zn++ was introduced, the biglycan core protein 
became very ill-behaved in solution. Gel-like precipitates 
were formed in the dialysis tubing during buffer exchange. 
Precipitates were removed by centrifugation at 30,000 rpm for 
30 minutes. Figure 15 shows the Mz of biglycan core protein in 
0.15 M NaCl, 50 mM Tris, 5 mM ZnCl3, pH 7.5 as a function of 
rotor speed. The average Mz of biglycan core protein ranges 
from 40 to 200 times as the monomer M.W., indicating the 
presence of extremely heterogeneous and highly associated 
biglycan core protein oligomers. The biglycan core protein 
self-association in non-denaturing solvent with Zn++ appears 
to include the irreversible process as shown by the 
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Figure 1 4 . Z-average molecular weight of biglycan core protein 
in 0 . 1 5  M NaCl, 5 0  mM Tris, 5 mM EDTA, pH 7 . 5  as a function of 
rotor speed. The loading concentrations are: (a) 1 . 1  mg/ml and 
( a )  0 . 5 6  mg/ml. The experiments were carried out at 2 3 . 3  °C . 
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Figure 15. Z-average molecular weight of biglycan core protein 
in 0.15 M NaCl, 50 mM Tris, 5 mM ZnCl2, pH 7.5 as a function 
of rotor speed. The loading concentration is 1.09 mg/ml. The 
error bars indicate the 65% confidence intervals.
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sedimentation analysis of biglycan GAG chains in denaturing 
and non-denaturing solvents
Using the same methods described previously, the average 
molecular weight of biglycan GAG chains (shown in Table VIII) 
was determined to be 23,300 Da in 4 M GdnHCl denaturing 
solvent by linear extrapolation of 1/Mz to zero concentration 
(Figure 16) . A similar result was obtained by simultaneous 
NONLIN analysis (Table VIII).
The average Mz of biglycan GAG chains in non-denaturing 
solvent with or without Zn++ also were given by either linear 
extrapolation or simultaneous NONLIN analysis (Figures 17 and 
18) . The results presented in Table VIII are very close to the 
monomer Mz of GAG chains, suggesting that the biglycan GAG 
chains are likely to be present as a monomer in non-denaturing 
solvents.
The monomeric state of biglycan GAG chain in non­
denaturing solvent was also demonstrated by sedimentation 
velocity studies. Figure 19A shows the sedimentation 
coefficient distribution of GAG chain in 0.15 M NaCl, 5 mM 
EDTA, 50 mM Tris, pH 7.5. A single, predominant species was 
observed with sedimentation coefficient (s°2olW) of 
approximately 1.9 s. This result is consistent with our 
sedimentation equilibrium analysis. In buffer containing 5 mM 
Zn++, 50 mM Tris, 0.15 M NaCl, pH 7.5, biglycan GAG chain
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Figure 16. Apparent Z-average molecular weight of biglycan GAG 
chain as a function of loading concentrations in 4 M GdnHCl, 
50 mM Tris, 5 mM EDTA at pH 7.5. The (a ) are values of Mz vs. 
loading concentrations (Figure 16A), and (a) are values of 
1/Mz vs. loading concentrations (Figure 16B). Mz was 
calculated from co-analysis of data acquired at four or more 




Comparison of the M.W. of Biglycan GAG Chains Determined by 
NONLIN and Graphical Analysis in Denaturing or Non­
denaturing Solvents1
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* Biglycan GAG chains were analyzed: A) in 4 M GdnHCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5; B) in 0.15 M Nacl, 50 mM Tris, 5 
mM EDTA, pH 7.5 and C) in 0.15 M NaCl, 50 mM Tris, 5 mM Zn++, 
pH 7.5.
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b Data analyzed by graphical plot. The deviation of Mz and B 
were estimated from linear regression analysis. 
c Simultaneous NONLIN analysis of data from different loading 
concentrations and rotor speeds. The values in parenthesis 
represent the 65% confidence interval.
d Range of biglycan GAG chains loading concentration analyzed 
simultaneously.
* Average Mz of biglycan GAG chain monomer.
f The z-average second virial coefficient was determined by the 
slope of linear plot, while the number average second virial 
coefficient was returned from simultaneous NONLIN analysis.
* The apparent charges on biglycan GAG chains determined from 
colligative second virial coefficient.
h Calculation is not available.
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TABLE IX
Biglycan GAG Chain Sedimentation Coefficient and Frictional
Coefficient Batios *
Buffer b qO c ® 20,w|vcot q0 & & 20,w f/fmia ‘ f/fo f
GdnHCl l.i 1.5 3.8 3.1
NaCl 1.8 1.9 2.9 2.4
ZnCl2 1.9 2.0 2.8 2.3
1 The molecular weight of biglycan GAG chain was determined as 
23,300 by sedimentation equilibrium analysis. 
b Biglycan GAG chains were analyzed: A) in 4 M GdnHCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5; B) in 0.15 M Nacl, 50 mM Tris, 5 mM 
EDTA, pH 7.5 and C) in 0.15 M NaCl, 50 mM Tris, 5 mM Zn++, pH 
7.5.
c Sedimentation coefficient corrected to zero protein 
concentration at 20 °C.
d Sedimentation coefficient at 20 °C in pure water.
* Frictional coefficient ratios calculated by assuming v= 0.54 
ml/g, 51=0 (for t/t^) and 51=0.4 g H20/g protein (for f/f„) .
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average Mz of biglycan GAG chain in the presence of Zn++ 
consistently shows slightly higher value than the GAG chain in 
4 M GdnHCl buffer, it is likely that such differences may 
result from approximation of the buffer density and partial 
specific volume.
The concentration dependence of Mz of biglycan GAG chains 
in denaturing and non-denaturing solvent is shown in figure 
16, 17 and 18. In all conditions, biglycan GAG chains exhibit 
significant thermodynamic non-ideality. The non-ideality of 
biglycan GAG chain is described with either a number average 
second virial coefficient (by simultaneous NONLIN analysis) or 
a z-average second virial coefficient (graphically). Both 
results are listed in Table VIII. The colligative second 
virial coefficient was then used to calculated the apparent 
charge on biglycan GAG chains. The second virial coefficient 
in non-denaturing solvent appears to be larger than that under 
denaturing condition. The difference may be partly accounted 
for by the neutralization of the effective charges on the GAG 
chains by the positively charged guanidine molecules.
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Average of Mz of biglycan GAG chains vs.
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Figure 17. Apparent z-average molecular weight of biglycan GAG 
chains as a function of loading concentrations in 0.15 M NaCI, 
50 mM Tris, 5 mM EDTA at pH 7.5. The (a ) are values of Mz vs. 
loading concentrations (Figure 17A); The (a) are values of 
1/Mz vs. loading concentrations (Figure 17B). Sedimentation 
equilibrium experiments were conducted at 23.3°C. The Mz at 
each loading concentration was obtained by co-analyzing data 
sets from four rotor speeds (20,000, 24,000, 28,000 and 32,000 
rpm). The error bars indicate the 65% confidence intervals.
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A verage M z of biglycan GAG chains vs.
++
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2.0 2.5
Figure 18. Plot of biglycan GAG chain Mz as a function of 
loading concentrations in 0.15 M NaCI, 50 mM Tris, 5 mM ZnC12, 
pH 7.5. The (a ) are values of Mz vs. concentrations; and the 
(a) represent values of 1/Mz vs. loading concentrations. The 
error bars indicate the 65 % confidence intervals.
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Differential sedimentation coefficient distribution of 
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Figure 19- Apparent differential sedimentation coefficient 
distribution of biglycan GAG chain in A) 0.15 M NaCI, 50 mM 
Tris, 5 mM EDTA, pH 7.5 and B) 0.15 M NaCl, 5 mM ZnCl2, 50 mM 
Tris, pH 7.5. Experiments were conducted at 50,000 rpm at 20 
°C. S* represents the apparent sedimentation coefficient. No 
fast moving boundary was observed at earlier time.
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II. Bovine Skin Decorixi Characterization
Sedimentation Velocity analysis of skin decorin in denaturing 
solvent
Skin decorin in 6 M GdnHCl, 50 mM Tris, 5 mM EDTA, pH 7.5 
denaturing buffer was analyzed by sedimentation velocity in 
Beckman XLA using a Rayleigh interference optical system. The 
differential sedimentation coefficient distribution was 
calculated and is presented in Figure 20. Under all of the 
concentrations tested, the proteoglycan exhibited a single, 
symmetrical sedimentation boundary. The sedimentation 
coefficients obtained were converted to the condition of 
solvent and zero protein concentration and give s°20(3Olvent 
approximately of 1.1 s. Using a v of 0.6646 ml/g, s was 
corrected to water and zero protein concentration to give s°20 w 
equals 2.3 s (Table X).
M.W. of decorin determined by sedimentation equilibrium in 
denaturing solvent
The M.W. of bovine skin decorin is determined to be 
64,700 Da by linear extrapolation of 1/Mz to zero 
concentration. The M.W. of decorin determined by simultaneous 
NONLIN analysis is slightly less than the graphical 
extrapolation value, however no statistically significant 
difference is observed. Figure 21 shows the decrease of Mz
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Figure 20. Apparent differential sedimentation coefficient 
distribution of skin decor in in 4 M GdnHCl, 50 mM Tris, 5 mM 
EDTA, pH 7.5. Experiments were carried out at a rotor speed of
50,000 rpra, at 20°c. The S* refers to the apparent 
sedimentation coefficient. No faster moving boundary was 
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Figure 21. Apparent Mz of skin decorin in 6 M GdnHCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5 as a function of loading
concentrations. The (a ) are values of Mz vs. loading
concentrations; The (a) are values of 1/Mz vs. loading




Sedimentation Velocity Analysis of Skin Decorin in 
Denaturing and Non-denaturing Buffers
Buffer * M.W.b Q0 e ® 20,io Ivan -0 ds 20,w f/fmin ' f/fo °
GdnHCl 64700
(monomer)




2.9 3.1 2.3 1.9
130000
(dimer)
4.0 4.3 2.6 2.2
* Skin decorin was analyzed in A) 6 M GdnHCl, 50 mM Tris, 5 mM 
EDTA, pH 7.5; B) 0.15 M NaCl, 50 »M Tris, 5 mM EDTA, pH 7.5. 
b The oligomeric state and M.W. of skin decorin in denaturing 
or non-denaturing buffer were determined by sedimentation 
equilibrium analysis.
c Sedimentation coefficients corrected to zero protein 
concentration at 20 °C.
d Sedimentation coefficients corrected to pure water at 20 °C. 
e Frictional coefficient ratios calculated using v = 0.6646 
ml/g ( in 6 M GdnHCl buffer) , v » 0.6776 ml/g ( in 0.15 M NaCl 
buffer), = 0 ( for f/f ^  ) and 6t = 0.4 H20/g protein ( 
f/fo) •
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with increasing loading concentration, suggesting the 
thermodynamic non-ideality. The non-ideality of decorin in 6 
M GdnHCl denaturing buffer was described with either a number 
average second virial coefficient or a z-average second virial 
coefficient. The results are presented in Table XI.
Sedimentation velocity analysis of decorin in non-denaturing 
solvents
The self-association of skin decorin in 0.15 M NaCl, 50 
mM Tris, with or without Zn++ was also demonstrated by 
sedimentation velocity in the XLA using the interference 
optical system. The sedimentation coefficient distribution, 
under all condition tested, demonstrates the presence of a 
mass action association.
In buffer containing 0.15 M NaCl without Zn++, two 
dominant species with sedimentation coefficients ( s°20w ) of 
approximately of 3.1 S and 4.3 S were observed (Figure 22A) . 
In high concentrations {> than 0.25 mg/ml), the mass 
association favors the larger oligomer, while in low 
concentration ( 0.13 mg/ml), the equilibrium apparently shifts 
to the smaller molecule. This suggests the presence of a 
moderately strong association. The stoichiometry of the 
association was examined by sedimentation equilibrium and fit 
well as a monomer-dimer self-association (see below) .
In buffer containing 0.15 M NaCl with 5 mM Zn++, a major 
broad and asymmetric peak with a long trailing tail was
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TABLE XI
Comparison of Molecular Weight of Skin Decorin Determined by























* Skin decorin were analyzed in 6 M GdnHCl, 5 mM EDTA, 50 mM 
Tris, pH 7.5.
b Data analyzed by graphical plot. The deviation of Mz and B 
were determined from the linear regression analysis. 
e Simultaneous NONLIN analysis of data from different loading 
concentrations and rotor speeds. The values in parenthesis 
indicate the 65 % confidence intervals.
d The loading concentrations of decorin analyzed 
simultaneously.
* Average Mz of decorin monomer returned by NONLIN.
f The number average second virial coefficient was determined 
by simultaneous NONLIN analysis, while the z-average second 
virial coefficient was determined by slope of linear plot.
‘ The apparent charges on skin decorin calculated from 
colligative second virial coefficient without considering
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contribution of excluded volume and salt-protein interactions. 
h Calculation is not available.
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Figure 22, Differential sedimentation coefficient distribution 
of skin decorin in A) 0.15 M NaCl, 50 mM Tris, 5 mM EDTA, pH 
7.5; B) 0.15 M NaCl, 50 mM Tris, 5 mM ZnCl2, pH 7.5. 
Experiments were carried out with a rotor speed of 50,000 rpm 
at 20 °C. S* refer to the value of apparent sedimentation 
coefficients. No faster moving species was observed in early 
scanning.
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observed (Figure 22B). The apparent sedimentation coefficient 
(S*) shifted to larger values with increasing loading 
concentration. These results demonstrate a heterogenous mass 
action association. The detailed analysis of this 
heterogeneous association was analyzed further in 
sedimentation equilibrium analysis.
Decorin self-association in absence of Zn++
In non-denaturing solvent without Zn++, decorin 
demonstrates an association behavior very similar to biglycan. 
Figure 23 shows the Mz of decorin at various loading 
concentrations. No significant concentration dependence was 
observed over the concentrations tested.
The stoichiometry of decorin self-association was 
examined by both simultaneous NONLIN and two species analyses. 
In NONLIN analysis, the model which provides the best fit to 
the data is a monomer-dimer equilibrium. Models which contain 
higher oligomers always provided poorer fits. Similar results 
were also obtained using two species analysis (Figure 24) . For 
the model assuming a raonomer-trimer association, the data from 
the bottom of the cell deviates from the theoretical monomer- 
trimer line, In contrast, for the model assuming a monomer- 
dimer equilibrium, the calculated Mz from all data points fall 
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Figure 23. Average Mz of skin decorin in 0.15 M NaCl, 50 mM 
Tris, 5 mM EDTA, pH 7.5 over various loading concentrations. 
Experiments were carried out at 23.3 °C with rotor speeds of
16,000, 20,000, 24,000 and 28,000 rpm. The error bars indicate 
the 65% confidence intervals.
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Two species analysis of decorin in
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Figure 24. Two species analysis of skin decorin in 0.15 M 
NaCl, 50 mM Tris, 5 mM EDTA, pH 7.5. Data presented are from 
three loading concentrations (2.0 mg/ml, 1.5 mg/ml and 1.0 
mg/ml) at rotor speed of 24,000 rpm. The theoretical line 
represents a monomer-dimer equilibrium (A) and a monomer- 
trimer equilibrium (B), determined using a monomer molecular 
weight of 64,700 Da.
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The binding constant, of decorin self-association was 
determined using simultaneous NONLIN analysis. The results 
presented in Table XII are consistent with the observation of 
a change in magnitude of the two dominant peaks from 
sedimentation velocity studies {Figure 22A). Like biglycan 
self-association, skin decorin shows a moderately strong self- 
association, with an association constant almost identical to 
biglycan under the same conditions. It is possible that 
decorin and biglycan self-association in non-denaturing 
solvent without Zn++ is mediated by similar portions of their 
core proteins.
The non-ideality of skin decorin also was determined 
using simultaneous NONLIN analysis and described as a number 
average second virial coefficient. The presence of simple non­
ideality may be able to compensate for the effect of self­
association (Yphantis, 1960) and result in an almost no change 
of Mz over various loading concentrations (Figure 23). The 
colligative second virial coefficient also was applied to 
estimate the apparent charges on decorin molecules.
Decorin self-association with Zn++
In non-denaturing solvent with Zn++, skin decorin forms 
highly associated oligomers. Figure 25 shows the average Mz of 
decorin as a function of loading concentration in 0.15 M NaCl, 
50 mM Tris, 5 mM ZnCl2, pH 7.5. The average Mz increases
103
TABLE XU




















* Simultaneous NONLIN analysis of skin decorin in 0.15 M NaCl, 
50 mM Tris, 5 mM EDTA, 5 mM EGTA, pH 7.5 at rotor speeds of
12,000,16,000, 20,000 and 24,000 rpm.
b Loading concentrations of decorin in each cell. 
e Z-average molecular weight of decorin monomer obtained from 
linear graphical extrapolation.
d Association constant of monomer-dimer equilibrium.
6 Number average second virial coefficient, returned from 
simultaneous NONLIN analysis.
f The apparent charge on skin decorin estimated from 
colligative second virial coefficient without considering the 
effects of excluded volume and salt-protein interactions.
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Figure 25. Average Mz of skin decorin in 0.15 M NaCl, 50 mM 
Tris, 5 mM ZnCl2, pH 7.5. Experiments were carried out at 23.3 
°C with four different rotor speeds (10,000, 16,000, 20,000 
and 24,000 rpm). The error bars indicate the 65% confidence 
intervals.
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slightly as the concentration of decorin increases from 0.54 
mg/ml to 2.5 mg/ml, suggesting the presence of mass action 
self-association. The average Mz of decorin, under all 
concentrations tested, is in between 4 to 5 times larger than 
the monomer M.W.. Therefore, significant amounts of higher 
oligomers (larger than tetramer) must be present. It is likely 
that these higher oligomers correspond to the asymmetric peak 
observed from sedimentation velocity (Figure 22B).
The self-association of skin decorin in the presence of 
Zn++ appears to be reversible and heterogeneous. The plot of 
the average Mz versus various rotor speeds consistently 
demonstrates significant speed dependence even with data from 
higher rotor speeds. Moreover, the models which consider 
simple association always result in poor fits to data and non­
linear two species plots. These results, in accordance with 
sedimentation velocity analyses, suggest that under non­
denaturing solvent with Zn++, skin decorin forms heterogeneous 




Molecular weights of bialvcan and decorin
Biglycan and decorin belong to a family of small leucine- 
rich proteoglycans. Both molecules bind to a number of other 
connective tissue macromolecules, such as fibronectin, 
collagen I, II and VI. Characterization of the binding 
affinity of these interactions requires the accurate 
information of molecular weight. Therefore, sedimentation 
equilibrium analyses were used to determine their molecular 
weights.
By sedimentation equilibrium in denaturing solvent, the 
average values of monomer molecular weight were determined to 
be 86,600 Da for bovine articular cartilage biglycan and 
64,700 Da for bovine skin decorin. These values are much 
smaller than estimates from SDS-PAGE (Rosenberg, et al., 
1985). Therefore, the molecular weight from SDS-PAGE can not 
be used for calculation of the association constant in binding 
studies.
The average molecular weight of the biglycan core protein 
was determined to be 44,100 Da by linear extrapolation of 1/Mz 
to zero concentration. This value is a little larger than the 
value of 37,200 Da, estimated from the primary sequence of 
biglycan core protein (Neame et al., 1989).
The average molecular weight of biglycan GAG chains 
(23,300 Da) also was determined. The value of two GAG chains
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plus one core protein (37,200 Da) is very close to the average 
monomer molecular weight of intact biglycan. This result is 
consistent with the proposed biglycan structure which contains 
two GAG chains and one core protein (Neame et al., 1989).
Self-association of biglycan and decorin in the absence of
Zn4"1-
In the low ionic strength buffer without Zn++, both 
biglycan and decorin exist predominantly as the dimer form 
with very similar association constants. Since both 
proteoglycans contain very similar core proteins, it is likely 
that their self-association is mediated by similar portions in 
both core proteins. This hypothesis is consistent with our 
finding that the biglycan core protein self-associates in non­
denaturing solvent in the absence of Zn++, while no 
detectable self-association was observed for the GAG chains.
Protein sequence analysis shows that a major portion of 
the biglycan and decorin core protein consists of a leucine- 
rich domain containing ten repeating units (Neame, et al., 
1989). These regions also have been observed in a variety of 
other proteins, where they are thought to be involved in 
protein-protein interactions (Patthy, 1987). Therefore, it is 
possible that this leucine-rich domain also is involved in the 
self-association of biglycan and decorin.
The self-association of biglycan core protein is much 
stronger than that of intact biglycan in non-denaturing
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solvent without Zn++. The biglycan core protein forms highly 
self-associated polydisperse oligomers. This suggests that 
biglycan core protein contains multiple binding sites. It is 
likely that the presence of negatively charged GAG chains on 
biglycan may somehow block most of the binding sites on the 
core protein, leaving only one pair of complementary sites.
Our results show that biglycan and decorin exhibit 
moderately strong self-association in non-denaturing solvent 
without Zn++. At present, the physiological significance of 
such self-association is not known. It is possible that such 
core protein mediated self-association may affect the 
interaction between proteoglycans and other biological 
molecules, especially those interactions involving the core 
proteins.
Association behaviors of biglvcan and decorin in the presence 
of Zn++
Sedimentation velocity and equilibrium studies reveal 
that both biglycan and decorin self-associate to much larger 
oligomers in non-denaturing solvent with Zn++. However, the 
core protein likely contains the binding sites responsible for 
self-association, since only biglycan core protein self- 
associated in the presence of Zn++, while no significant self­
association was observed for its GAG chains. The self­
association behavior of decorin core protein has not been 
determined yet, but it is expected to be same as biglycan/s,
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based on their highly similar sequence.
Studies with metal chelate affinity chromatography {Dr. 
Lary Rosenberg, unpublished results) suggest that biglycan and 
decorin can bind to Zn++. These results do not exclude the 
possible effects of other divalent cations on biglycan and 
decorin self-association.
The physiological significance of the effect of zinc ions 
on biglycan and decorin self-association remains to be 
elucidated. As zinc ions have been shown as an essential 
cofactor for many enzyme activities, the ability of zinc to 
exert a positive regulatory effect on the self-association of 
biglycan and decorin may indicate an important regulatory 
mechanism for their biological functions.
The roles of biglvcan GAG chains
Both sedimentation equilibrium and velocity studies 
indicate that the biglycan GAG chains do not self-associate in 
presence or absence of Zn4'*'. Although our results suggest 
that the core proteins of biglycan and decorin contain the 
primary binding sites for their self-association, the 
structure and charges of the GAG chains may also be important. 
As shown earlier, the intact biglycan and biglycan core 
protein exhibited different self-association behavior. The 
removal of GAG chains from intact biglycan molecules 
significantly enhances higher oligomer formation. Clearly, 
such modification will substantially reduce the net charge.
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Thus, it is conceivable that the presence of the GAG chain 
could be of importance in affecting the contacts between the 
core protein itself or with solvent molecules.
Previous experiments have shown that the biglycan GAG 
chains contain large amounts of dermatan sulphate/chondroitin 
sulphate components. The apparent monomeric state of bovine 
articular cartilage biglycan GAG chains in 0.15 M NaCl buffer 
contradicts the observation of apparent self-association of 
bovine sclera and pig skin dermatan sulphate GAG chains 
(Fransson et al., 1982). The reason for this discrepancy is 
not quite clear. Since the aggregating dermatan sulphate GAG 
chains were shown to contain characteristic alternating 
sequence which is believed to be required for their self- 
association (Fransson et al., 1979), it is possible that the 
biglycan GAG chains may contain different spatial arrangement 
of the repeating units from that of aggregating dermatan 
sulphate GAG chains.
Hydrodynamic properties of bigiyMw and decorin
The ratios of frictional coefficients of biglycan and 
decorin reveal that both molecules contain highly asymmetric 
structures in either denaturing or non-denaturing solvents. It 
is likely that in 4 M GdnHCl or 6 M GdnHCl denaturing-buffers, 
biglycan and decorin were unfolded into more extended 
structures. It is not surprising then, that the denatured 
molecules exhibited the greatest apparent asymmetry. The
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larger frictional coefficient ratio of biglycan compared to 
that of decor in suggests that the presence of an extra GAG 
chain in biglycan will increase its asymmetry.
In non-denaturing solvents, both biglycan and decorin 
also exhibit unusually high degree of asymmetry. Renaturing of 
biglycan and decorin in the presence of Zn++ resulted in 
molecules of even greater apparent asymmetry. Although the 
exact geometrical conformation of core proteins in non­
denaturing solvents is still unclear, it is likely that both 
biglycan and decorin contain fairly compact core protein 
structures with the GAG chains facing towards solvent. Since 
the biglycan GAG chains are highly extended in non-denaturing 
solvents, it appears that the extended GAG chains that expose 
towards the solvent are likely to be responsible for much of 
the asymmetry observed for the intact biglycan and decorin.
Won-ideality of bialvcan and decorin
Biglycan and decorin demonstrate thermodynamic non­
ideality in a variety of buffers. The non-ideality of biglycan 
and decorin was described as either a z-average or a number 
average second virial coefficient without considering possible 
higher virial coefficients. Such an approximation appears to 
work well in the concentration range examined here.
In GdnHCl denaturing buffers, both biglycan and decorin 
demonstrate significant thermodynamic non-ideality. Since both 
biglycan and decorin are highly extended and charged, it
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appears that both charge and excluded volume effects are 
responsible for their non-ideality.
The non-ideality of both biglycan and decorin appears to 
decrease when they were renatured and self-associated to 
oligomers. In non-denaturing solvent without Zn++, only very 
limited amount of non-ideality was observed for biglycan and 
decorin. One possible explanation is that the self-association 
may somehow change the original structure of proteoglycans, 
resulting in increased shielding of the charged groups.
Similar non-ideality also was observed for biglycan and 
decorin in the presence of Zn++. With Zn++ present, both 
molecules self-associate to fora large oligomers. Non-linear 
least square analysis demonstrates almost non-detectable 
second virial coefficients, suggesting a considerable decrease 
of effective charges on both molecules. However, the presence 
of self-association will complicate the determination of 
accurate second virial coefficients with NONLIN, since both 
values can compensate for each other.
Non-ideality also was observed with biglycan GAG chains 
and biglycan core protein. Surprisingly, the biglycan GAG 
chains consistently exhibit greater thermodynamic non-ideality 
than the intact biglycan molecule in either denaturing or non­
denaturing solvents. This result is somewhat unexpected since 
the biglycan has the larger molecular weight and contains the 
more charged groups. One possible explanation is that biglycan 
may be present in a more compact structure, leading to
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increased ion condensation on the GAG chains. In contrast, 
the isolated GAG chains and core protein may contain more 
flexible structures, which result in a decreased extent of ion 
condensation.
Apparent charges on bialvcan and decorin
Like most proteoglycan molecules, both biglycan and 
decorin contain significant amounts of negatively charged GAG 
chains. These charged components can interact strongly with 
the solvent or with one another and significantly change the 
thermodynamic behavior of the solution. For most highly 
charged globular macromolecules, the contribution of the 
primary charge effect to thermodynamic non-ideality usually is 
an order of magnitude larger than the effect from excluded 
volume (Tanford, 1961). The primary charge effect contribution 
to the second virial coefficient in non-denaturing solvent is 
related to the effective charge, Z, on the macromolecule 
(Roark & Yphantis, 1971). Therefore an estimation of Z usually 
is made by ignoring the effects of excluded volume and 
interaction between macromolecules and salt. This 
approximation will yield an overestimate of the effective 
charge, especially for macromolecules with highly extended 
structures. Since biglycan and decorin in non-denaturing 
buffers fall into this category, the charge estimations in 
Table VIII and XII must be viewed as upper limits.
In denaturing solvents, all macromolecules essentially
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existed in a highly extended structures. The effect of 
excluded volume can be very significant. Therefore, the
charge estimation by neglecting exclude volume can result in 
significant overestimate of effective charges on denatured 
macromolecules. For example, in the case of biglycan GAG 
chains, the second virial coefficient (B) calculated from 
excluded volume of a completely extended rod-like structure
accounts for more than 80 % of total non-ideality. This
phenomenon has been demonstrated consistently in our analysis 
of biglycan, biglycan core protein, biglycan GAG chains and 
decorin molecules in either 4 M GdnHCl or 6 M GdnHCl 
denaturing buffers.
In non-denaturing buffers, the biglycan and decorin exist 
in more compact structures. Therefore, a reasonable 
estimation of the upper limit of their effective charges can 
be made from their thermodynamic non-ideality by ignoring 
excluded volume effect. For biglycan GAG chains in condition 
with or without Zn++, the value of Z calculated at pH 7.5 is 
less than 50 % of that anticipated on the basis of
carbohydrate composition. No distinguishable difference of 
apparent charge was observed between two conditions. It
appears that part of negatively charged components was 




Studies of thermodynamic and hydrodynamic behaviors of 
biglycan and decorin molecules are important to understand 
their biological roles. With sedimentation analysis, we 
characterized the bovine articular cartilage biglycan and skin 
decorin in terms of molecular weight, self-association, 
apparent charges, non-ideality and geometrical conformation. 
The data presented here suggest that both biglycan and decorin 
self-associate in non-denaturing, near-physiological solvents 
with or without Zn++. The divalent cation Zn++ was shown to 
have a positive regulatory role on their self-association. The 
results from biglycan core protein and GAG chains indicate 
that such self-association appears to be mediated by their 
core protein, while the GAG chains are more likely to have 




Preparation of bovine articular cartilage biolvcan. its core 
protein, its GAG chains and skin decorin
The dermatan sulphate proteoglycan were isolated from 
calf articular cartilage exactly as described previously 
(Rosenberg et al., 1985) by dissociative extraction, 
equilibrium density gradient centrifugation, DEAE-Sephacel 
chromatography, and gel chromatography on Sepharose CL-4B. 
Further separation of biglycan from dermatan sulphate 
proteoglycans was made either by gel chromatography 
(Sepharose CL-4B) in 0.5 M sodium acetate or by hydrophobic 
chromatography on Octyl-Sepharose in denaturing buffer (Choi 
et al., 1989).
Biglycan GAG chains were prepared by degrading core 
protein of biglycan in 0.5 M NaOH, 1 M NaBH4 at 45 °C. The 
glycosaminoglycan chains were then purified by chromatography 
on DEAE-Sephacel using a 0.1 to 3 M NaCl linear gradient. The 
glycosaminoglycans, which eluted at 0.25 M NaCl, were dialyzed 
against 0.15 sodium acetate, pH 6.3, precipitated with 3 
volumes of ethanol, washed and dried (Rosenberg et al., 1985).
Biglycan core proteins were prepared by digesting 
proteoglycans with chondroitinase AC or chondroitinase ABC in 
0.03 M sodium acetate, 0.1 M Tris, containing a number of 
protease inhibitors. The digestion was carried out for 24 h at 
37 °C. The enzymes were inactivated by boiling for 2 min. The 
core protein containing solutions were then dialyzed against
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distilled water and lyophilized (Rosenberg et al., 1985).
Skin decorin was isolated from bovine fetal skin 
essentially as described by Choi (Choi et al., 1989). Decorin 
was extracted at 4 °C in 7.8 H urea, 0.15 M NaCl, 5 mM EDTA, 
25 mM Tris, pH 6.5, containing 5 mM concentrations of 
phenylmethysulfonyl fluoride, benzamidine, and iodoacetamide. 
The extract was purified by fast-flow carboxymethyl-Sepharose 
to adsorb collagen. The carboxymethyl-Sepharose and adsorbed 
collagen were removed by centrifugation at 5 °C. The
supernatant was subjected to a DEAE-Sepharose column 
equilibrated in 0.15 M NaCl, 7.8 M urea, 25 mM Tris buffer. 
The dermatan sulphate proteoglycan was eluted with a 0.15-1 M 
NaCl linear gradient. Further purification was conducted on 
Sepharose CL-4B in 4 M guanidine HCL, 0.15 M sodium acetate, 
pH 6.3* Separation of decorin from dermatan sulphate 
proteoglycan was made by hydrophobic chromatography on a 
octyl-sepharose column (Choi at al., 1985).
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